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Abstract 

We impose 0(3)/, x 0(3)/j flavor symmetry in the supersymmetric standard model. 
Three lepton doublets ii transform as an 0{3)l triplet and three charged leptons as 
an 0{3)r triplet, while Higgs doublets H and H are 0{3)l x 0{3)r singlets. We discuss 
a flavor 0{3)l x 0(3)^^ breaking mechanism that leads to "successful" phenomenological 
mass matrices, so-called "democratic" ones, in which the large z/^ — Ur mixing is naturally 
obtained. Three neutrinos have nearly degenerate masses of order O.leV which may be 
accesible to future double /3-decay experiments. We extend our approach to the quark 
sector and show that it is well consistent with the observed quark mass hierarchies and 
the CKM matrix elements. However, the large mass of the top quark requires a relatively 
large coupling constant. 
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Yukawa coupling matrices of Higgs field (i.e. masses and mixings of quarks and lep- 
tons) are the least understood part of the standard electroweak gauge theory, which are, 
however, expected to be an important hint of more fundamental theory. There have been 
a number of attempts to underatand mass matrices of quarks and leptons by postulating 
some broken flavor symmetries based on Abelian [jl| or non-Abelinan groups. The 0(3) 
flavor symmetry ^ has a unique prediction, that is almost degenerate neutrino masses. 
Using the result of the atmospheric neutrino oscillation observed in SuperKamiokande 
experiments 0, one may conclude that all three neutrinos have masses of order 0.1 — leV 
for the case of degenerate neutrinos. This is very interesting since such degenerate neu- 
trino masses lie in the region accesible to future double-/? decay experiments if the 
neutrinos are Majorana particles. 

On the contrary, masses of quarks and charged leptons vanish in the 0(3) symmet- 
ric limit. Therefore, mass matrices of quarks and leptons are determined by details of 
breaking pattern of the flavor symmetry. In this letter, we discuss a possible flavor 0(3) 
breaking mechanism that leads to "successful" phenomenological mass matrices, so-called 
"democratic" ones 0, |^, in which the large f^ — Vr mixing suggested from the atmospheric 
neutrino oscillation ^ is naturally obtained. 

We consider the supersymmetric standard model and impose 0(3)l x 0(3)/j flavor 
symmetry. Three lepton doublets = 1 — 3) transform as an 0(3)^ triplet and three 
charged leptons ei{i = 1 — 3) as an 0(3)^ triplet, while Higgs doublets H and H are 
0(3)l X 0(3)/j singlets. We will discuss the quark sector later. 

We introduce, to break the flavor symmetry, pair of fields S^*^(i = 1,2) and S^''(i = 
1, 2) which transform as symmetric traceless tensor 5's of 0(3)^, and 0(3)/?, respectively. 
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We assume that the S^^(5, 1) and 5) take values 
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We consider that these are exphcit breakings of 0(3)^ x 0{3)r rather than vacuum- 
expectation values of S^*^^ (spontaneous breaking), otherwise we have unwanted massless 
Nambu-Goldstone multiplets. In the following discussion we use dimentionless breaking 
parameters aj*'' and a]^ , which are defined as 
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Here, Mf is the large flavor mass scale, 5l,r = w^l\/Mf and eL,R = w\]'f^lMf. We assume 
(^L.ij, eL,ij < 1. 

The neutrinos acquire small Major ana masses from a superpotential, Q 
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which yields a neutrino mass matrix as 
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Here, are 0{\) parameters and the mass M denotes a cut-off scale of the present model 

which may be different from the flavor scale M/. We take M ~ 10^^~^^GeV to obtain 

^The more general case for E^-* and E^'' will be discussed in the end of this letter. 
■^This superpotential is induced by integrating some massive heavy fields = 1 — 3) which transform 
as a triplet of 0(3)L(rather than 0(3)^). In this case the mass M corresponds to Majorana masses of 
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m^- ^ 0.1 — leV indicated from the atmospheric neutrino oscillation ^ for degenerate 
neutrinos. 

The above breaking is, however, incomplete, since the charged leptons remain mass- 
less. We introduce an 0(3)L-triplet and an 0(3)i?-triplet fields 0l(3, 1) and 0i?(l,3) to 
produce masses of the charged leptons. The vacuum expectation values of (pL and (pR are 
determined by the following superpotential; 

W = ZLi<iyl-3vl) + Zni<Pl-3vl) 



(0^ 



Here, the fields ^l,/?, Xl^r and Yl^r are all singlets of 0(3)l x 0(3)h- The parameters 
vl and vr can be of order the gravitational scale in principle, since there is no symmetry 
to suppress them. We should, however, assume that they are of order the flavor scale Mf 
to obtain 0{1) effective Yukawa couplings of Higgs H and H. 

We obtain vacuum-expectation values from the superpotential eq.(|^. 





< (pL>= \ ^ \ vl , <(pR>= 



Notice that only with the first two terms in eq.(^ we have 0{3)l x 0(3)/j global symmetry 
and hence unwanted Nambu-Goldstone multiplets appear in broken vacua. The couplings 

(i) 

to the explicit breakings Ci r are necessary to eliminate the Nambu-Goldstone multiplets 
in the low energy spectrum, which determine vacuum-expectation values of 0^ and (pR as 
in eq.(^. Here, we should quote a work by Barbieri et al. [^], who have also proposed a 
similar vacuum-misalignment mechanism. 

With the non- vanishing < (pi > and < (pR> in eq.(^, the Dirac masses of charged 

''This superpotential is consistent with R-symmetry U in which Zl,r, Xl,r, Yl,r, 4'l,r and cr^*'^ 
have U{1)r^ charges, 2, 2, 2, and 0. 
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leptons arise from a superpotential, 

W = ^{e^R){MH. (9) 
This produces so-called "democratic" mass matrix of the charged leptons, 

Diagonalization of this mass matrix yields large lepton mixings as shown in ref.[^ and 
one non- vanishing eigenvalue, rrir. The masses of e and /i are derived from distortion 
of the "democratic" form of mass matrix in eg. (p!OD , which is given by a superpotential 
containing the explicit 0{3)l x 0(3)^2 breaking parameters o"^*^^, 

^W = ^ {^^(e4Vii)(0L^) + i?f(e0K)(0La«^) + Cf,.(e4Vi?)(0La?£)}:^. (11) 
Then, the charged lepton mass matrix is given by 



(I -1 0\ 

1 -1 

VI -1 oy 




1 
1 

-2-2 4/ \ 



-CiA 1 1 -2\5l5r + AI \ -I -1 -l|efi + 5* 



/ 1 -1 0\ I ^ ^ /I -10' 

+Cf2 1 -1 ^ + ^2^ -1 -1 2 Uie^ + C^'J-l 1 (^\tLtR). {12) 

V-2 2oy vooo/ vooo 

The mass eigenvalues of this lepton mass matrix are 

Q '"L vr — rUe , . , . 

rrir ~ 3ke— — <H>, ^ ~ C 5^(5^2 , — ^ C eLCR , 13 
MfMf itIt mr 

where we assume that all coupling parameters A^, and Clj{i,i = 1,2) are of 0{1). 

Since the analysis on the quark mass matrices below shows preferable values 5^ ~ 1 and 

eR ~ 0.1 - 1, we take 6l ^ 0.1 and eL ^ lO^^ - lO"^. 

^We may also have such terms as (etT^'crj^''(/)-R)(</'L-^) or Efj(e4)ii){4>L(^''L cr'f^ £) in the curry bracket 
of eq.(|ll|). These terms and higher terms of a fields can be, however, absorbed in terms in eq.(|ll|). In 
this process, the coupling parameters Af, Bf and Cf^ remain of 0(1). 
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We have an additional contribution to the neutrino mass matrix in eq.(^) as 



The neutrino mass matrix is now given by 
m,, = - 



MfM 



(14) 
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To see the neutrino mixing, we take the hierarchical base by applying an orthogonal 
transformation: the charged lepton and neutrino mass matrices are written as 



F uieF = ke 
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The large neutrino mixing angle between t/^ and Uj. indicated from the atmospheric neu- 



trino oscillation is obtained |§[ Q if 



vl 
Mf 



(19) 



We also see large neutrino mixings between and z/^^^ from the mass matrices eq. (|T6| 



and eq.(|T3) for l3{vL/MfY < a{2)^L- By using Aml^{= ml^ — m^J ~ 10 ^eV^ for 

^The mixing matrix U which determines neutrino oscillations is defined as [/ = Uju^, where Ui and 
t/y are diagonalization matrices for the charged lepton and neutrino mass matrices in eg. (p^) and eq.(|l7|), 
respectively (see ref.B for the definition of and Ui,). 
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the z/^ — oscillation (which corresponds to m^. = O(0.1)eV [] ), 5l — 0.1 and 

eL — 10"^ — 10"^, we obtain 

Aml^ - T^Am^g ~ 10"^ - 10"^, (20) 
dr. 



for the z/g — v^^r oscillation. This is consistent with the large angle MSW solution |10| to 



the solar neutrino problem. f\ For a(^2)^L ^ Pi^L/MfY <^ 0,(1)^1 we have small mixings 
between Ue and z/^^t- However, we obtain, in this case, Amj^ > 10"^-10-*^eV^ which is too 
large for the small angle MSW solution [|l^ . Therefore, we consider that this is an unlikely 



case. From the above argument we may conculde that {vl/Mj) < ,JeZ — 0.03 — 0.1. This 
implies small tan/3 =< H > / < H >~ 0{1) unless KEiyn/ Mf) is very large. 

We now turn to the quark sector, in which three doublet quarks qi{i = 1 — 3) transform 
as an 0(3)^ triplet while three down quarks di{i = 1 — 3) and the three up quarks 
Ui{i = 1 — 3) as 0(3)/j triplets. The mass matrix of down quarks is given in the hierarchical 
base by 

/ 2CgeLeR 2VSCieR6L VQA^tn \ 



<H> 



(21) 



RL 

For up quarks, the mass matrix is given by replacing D and < H > with U and < H >, 
respectively, in eq.(0). Quark mass eigenvalues are given by 

2iAfB? - C?,)5l5r = X^5l5r, (22) 



7712 



and 



'7nf\ 2 



^{A^B^Cf, + AfBfcg - Cf.Cg - A^Bfcg - A^B^C^, + Cgcg)eLeR 



= X?eLeR, (23) 

^The constraint of m,y. is given by the new upper limit of the double f3 decay experiment rn^'jj < 0.2eV 
[||. The present model is viable without any accidental cancellation 

^If we use el/Sl — 0.1 suggested from quark mixings, we get Amfj — 10~"'eV^. We consider that this 
is still consistent with the large MSW solution taking account of 0(1) ambiguity. 

^The current data of Super-Kamiokande experiments give Am^2 — 2 x 10^^ — 2 x lO^'^eV^ and 
sin^ 26*12 = 0.60 - 0.97 at the 99% confidence level, for the large MSW solution. 



where Q = D or U. We assume that the parameters Af , Bf, are of (9(1) as in the case 
of the lepton sector. We must, however, take ku{vr/ Mf) ^ (9(10) for (vl/Mj) ^ 0.03 to 
obtain the large mass of the top quark. 
The CKM mixing angles are given by 
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where sfj denotes sin and 



= 2 i< 



(24) 



Vs i + 2(A?)24 h '' ^ ' 

Putting the experimental quark mass ratios and CKM matrix elements: 

— ^^A^ |K.|^A, |K,|^A^ (26) 

rrib nib 

we obtain the order of parameters as follows: 

^i~A^ 5k^1, ei~A^ e^-A, (27) 

with A ~ 0.2. Here, we have assumed that , Xf , Y^f , Y^^, Y^^ and Y^^ are of (9(1). 
Then, we predict \Vub\ — cl — A^, which is consistent with the experimental value |1T2| . 
The magnitudes of 5l,r and eL,R in eq.(p7D are what we have taken in the discussion on 
the lepton sector. Thus our model is successful to explain both lepton and quark mass 
matrices. 



^°To obtain the larger mass hierarchy m„/mj ~ and radrat ~ in the up-quark sector we must 
assume cancellation among 0(1) parameters in , X2 ■ A way of avoiding this fine-tuning is to introduce 
a new 0(3)^, under which up quarks Ui transform as a triplet. In this case the up quark mass matrix 
depends on breaking parameters of the additional 0(3)^. 
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We have considered, in this letter, a model where ^i and qi belong to triplets of one 
0(3) and Cj, di and Ui belong to triplets of the other 0(3). We should note here that 
there is another interesting assignment that and di are triplets of the 0(3)^ while e,, qi 
and Ui transform as triplets of the 0(3)/j. At a first glance this model does not seem to 
work well, since the up quarks have 0(3)/j-invariant degenerate masses as the neutrinos. 
However, this problem may be easily solved by imposing a discrete symmetry such as 
Zg. The Zq charges of relevant fields are shown in Table 1 together with 0(3)^^ x 0(3)/? 
representations. With this Zq we obtain the "democratic" mass matrices for charged 
leptons, down quarks and up quarks, and the neutrinos have almost degenerate mass as 
in the previous model. Remarkable point in this model is that the mass hierarchy in the 
up quark sector is explained by taking a hierarchy 5r ~ 0.1 and ~ 0.01. The milder 
mass hierarchies in charged lepton and down quark sectors are obtained by taking 5l — ^ 
and tL ~ 0.1. The CKM matrix is determined by 0(3)/? breaking parameters 5r and 
e/j, which turns out to be also consistent with the observations taking account of 0{1) 
ambiguity. As for the neutrino mass matrix we obtain almost the same as before, except 
that the masses m^^. are reduced to m^^. ~ (9(0.03)eV due to the larger value of 5l. 

In this letter we have assumed specific forms of S^"*^ in eq.(|l|) and eq.(|^). However, 
even if S^'*^ have general forms, {X'^LR)ij = {'^)ij^L,R and {J^'i^idij — {b)ij^L,R, our main 
conclusion does not change as long as ei, 5l <^ 1 and en, 6r < 1. With the general form 
of Ti^ij^ we have vacuum-expectation values of 0^ and (pn as 



with + 6^ + = a'^ + 6'^ + c'^ = 3. First of all, mass hierarchies in the charged lepton 
and quark sectors, and the small CKM mixing angles are explained by the hierarchy 
^ ^ 1- On the other hand, we see that neutrino mixings are very large as long as 



mixings are generic predictions in the present mechanism of 0(3)l x 0(3)/? breaking. 




(28) 



vacuum-expectation values a, b and c in eq.(PBD are of 0{1). Therfore, the large neutrino 
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Finally, we should note that S^"*^ can be regarded as vacuum-expectation values of 
dynamical S^'^/j fields inducing the spontaneous 0(3)^ x 0{3)ii breaking. In this case 
we have six massless Nambu-Goldstone multiplets. However, the breaking scale -Fl,_r are 
stringently constrained from various experimental results as -Fl,_r > lO^GeV ll3|. On the 



contrary, the fiavor scale Mf may be as low as lOTeV in the case of explicit breaking. 
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Table 1: Representations of relevant fields in 0{3)l x 0{3)r and their Zq charges. The 
operators uqH and £{(f)L(f)L)£H^ are suppressed by this Zq symmetry. 
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